Ecological modeling of dynamic systems such as marine environments may require detailed spatial resolution when the modeled area is greatly influenced by complex physical circulation. Therefore, the simulation of a marine ecosystem must be underlain by a physical model. However, coupling hydrodynamic and biogeochemical models is not straightforward. This paper presents a modeling technique that can be used to build generic and flexible fully-spatial physical-biogeochemical models to study coastal marine ecosystems using a visual modeling environment (VME). The model core is constructed in Simile, a VME that has the capacity to create multiple instances of submodels that can be interconnected, producing a fully-spatial simulation. The core is designed to assimilate a choice of different hydrodynamic models by means of matrices, enhancing its compatibility with different software. The biogeochemical model can be modified by means of a graphical interface, which facilitates sharing within the scientific community. This paper demonstrates the application of the coupling scheme to mussel aquaculture in Tracadie Bay (PEI, Eastern Canada). The model was run for two different years, 1998 and 1999, and indicated that mussel biomass exerts a top-down control of phytoplankton populations, causing a maximum chlorophyll depletion of 61.0% and 80.3% for 1998 and 1999 respectively. The difference between both years highlights the importance of inter-annual variability, which is significant from an ecosystem-level perspective because it reveals the relevance of applying a precautionary policy in the management of aquaculture activity. Therefore, the proposed core developed in Simile is a generic and flexible tool for modeling long-term processes in coastal waters, which is able to assimilate a choice of hydrodynamic models, constituting a novel approach for generating fully-spatial models using visual modeling environments.
Introduction 38
Dynamic ecosystem models provide a powerful approach to predict the consequences of 39 for other trophic levels such as natural benthos (Cloern, 1982; Dowd, 2003) . In addition, 47  A matrix is generated with the averaged volumetric water exchange for each link. 133
134
We present an example using averaged hydrodynamics rather than time-dependent flows in 135 order to simplify the coupling scheme. The volumetric water exchange between elements is 136 calculated simultaneously in the whole grid following a first order upwind scheme. The water 137 exchange between two adjacent elements is not calculated as a net flow but as a dispersion 138
flow. This is a generalization of the tidal prism method at the scale of each element such that 139 for each link between two adjacent elements, two averaged flows are calculated, one going 140 from element i to j and one going from j to i. These exchange coefficients are divided by the 141 volume of the elements where the flow enters in order to provide rates expressed as 142 percentage day -1 . 143 144
Simile structure to read spatial information 145
Simile establishes relationships between the different submodels, which represent the 146 elements of the grid, using its "Condition" function, which specifies whether a connection 147 between submodel instances exists. The use of "Condition" requires a specific submodel that 148 is described in Appendix C. This submodel allows reading the topology and the 149 hydrodynamics of the hydrodynamic model by means of matrices. Therefore, this submodel 150 provides a template that can be used as a core to develop any physical-biogeochemical model 151 in Simile without further altering the coupling scheme itself. 152
153
In order to verify that water exchange parameterized within Simile is consistent with the 154 physics predicted by the hydrodynamic model, a simple verification process is suggested. 155 9 a conservative tracer is the only component. Assuming a constant concentration of the tracer 157
at the boundary and a lower and homogeneous distribution inside the bay at time 0, the model 158 is run until equilibrium is reached. By comparing the tracer distribution in the bay after a 159 period of time, we determine if Simile is correctly assimilating the hydrodynamics. It is very 160 important to compare the general pattern and not the high frequency events, because the 161 hydrodynamic model is using a continuous time series of water exchange and depth, 162 including tidal variation, while Simile is using averaged values. This verification procedure is 163 an internal control of the coupling process and does not exempt the researcher from 164 validation of the physical and biogeochemical model. 165 166
Exporting the results to GIS 167
Simile outputs provide a single value for each triangular element, but these triangles are 168 differently sized. Therefore, if these data were plotted in GIS, the weighting represented by 169 the area of the triangle would not be preserved. is located as shown in Figure 3 and the biomass calculated according to Dowd (2003 Dowd ( , 2005 , 196 who estimated a standing stock of between 1 and 2 x 10 6 kg wet weight mussels. The 197 standing stock of 1.5 x 10 6 kg wet weight of mussels is considered the actual scenario in 198
Tracadie Bay and it is homogeneously distributed in culture areas (Figure 3 ). Tissue weight 199 was calculated assuming a condition index of 30%. Dry weight was calculated assuming 200 water content of 80% and a carbon content of 40% mussel dry weight. 
Hydrodynamic Model 210
The boundaries and depths of the bay were digitized from a hydrographic chart. The finite 211 element mesh was generated within AquaDyn, tuning mesh size and density. The 2D 212 hydrodynamics was forced by a time series of sea level, and friction was applied via a 213
Manning coefficient. The resulting triangular mesh contained 544 elements, and 1454 214 connections across links. Application of an AquaDyn model to Tracadie Bay was validated 215 using sea level data (Grant et al., 2005) . In the present study, the hydrodynamic model was 216 
Ground-truthing 262
The average measured water speed values and standard deviation were higher than the 263 modelled values (Table 2) Analysis of the slopes showed that in 1998 the model follows the same pattern as the 296 observations (p=0.356). However, in 1999 the slope was less than 1 (p<0.05), indicating that 297 the results of the model are offset from the observations. The intercepts are greater than 0 298 indicating that the model is slightly enriched in chlorophyll compared to the observed values. 299 300
Model results 301
The physical-biogeochemical model was run between 15 June and 15 September in two 302 scenarios for each year (1998 and 1999): without mussels and with a mussel standing stock of 303 1 x 10 6 kg wet weight, the minimum biomass in Tracadie Bay according to previous studies 304 
Discussion 319
The ability to couple physical and biogeochemical models is fundamental to simulating 320 marine ecosystems. These coupling schemes can be classified as "integration", "onlinecoupling" and "offline coupling". Integration refers to utilizing physical exchange in a 322 reduced spatial resolution, e.g. rates averaged across space for a box model. At the other end 323 of the linkage spectrum between physics and biogeochemistry, online coupling indicates that 324 both physical and biogeochemical models run simultaneously. In between are offline 325 coupling techniques, where the physics is run first and the biogeochemical model is run 326 subsequently using physical outputs at different time steps but the same spatial scale. Fully 327 spatial models constructed in VMEs require offline coupling given the limited connectivity 328 with physical simulation software. Our motivation in the present study is to provide insight 329 into the integration of physical and ecological data using a visual modelling environment 330 (VME), which, to our knowledge, is the first example in the literature in which a VME is 331 used to generate a fully spatial model. 332
333
There are other approaches in the literature (Table 3 ) that usually require expertise in 334 language programming and/or specific sophisticated software to create/modify modules, and 335 in some cases the structure of these modules is rigid and non-modifiable. The coupling 336 scheme described in this paper represents a novel approach to create fully-spatial models 337 using a Visual Modelling Environments (VME). VMEs such as Stella or Simile have 338 commonly been used in scientific literature given their smooth learning curve. VMEs are 339 based in objects that represent stocks, flows, variables and their interactions. The connections 340 of these objects symbolize ecological processes, and the fact that they can be visualized 341 facilitates access to non-programmers. These visual symbols make it easier to spread and 342 share models in the scientific community, a cornerstone for improving the conceptual design 343 of any model. 344
The general scheme described in this paper constitutes a generic and flexible core for 346 coupling physical-biogeochemical models in coastal areas. The specifics of the ecosystem 347 model are initially developed in Simile and the submodels described in this paper allow the 348 coupling of hydrodynamics constructed in a different modelling environment, which can be 349 2D or 3D. In fact, the described scheme is quite flexible and can be used with only The coupling technique used in Simile follows an offline unidirectional scheme, that is, the 362 hydrodynamic model is run first and the results are delivered to the biogeochemical model 363 that is run subsequently, without providing feedback to the hydrodynamic model. This is not 364 a problem in this particular case given that the feedback of the biogeochemical model is not 365 relevant for the hydrodynamics of the bay. In fact, in shallow waters, tides, winds and 366 freshwater, runoff drives components of the circulation (Kjerfve and Magill, 1989) . The 367 hydrodynamics are averaged following a first-order upwind scheme before being delivered to 368 the biogeochemical model. Since this averaging process dilutes the effect of high frequencyevents, the application of the model scheme is limited to the study of long-term processes. 370
These aspects of offline coupling must be taken into account when the general goals are set. 371
372
The The approaches to shellfish aquaculture models can be divided into box models and fully-386 spatial physical-biogeochemical models (Grant and Filgueira, in press). Although it is 387 possible to simplify hydrodynamics and include them in a box model, the spatial detail 388 provided by a fully-spatial physical-biogeochemical model is desirable for two reasons. (1) 389 high spatial resolution allows us to simulate the effects of farm location on the ecosystem and 390 the interaction between farms (e.g. Figure 7 ). Therefore, management policies related to 391 spatial arrangement of farms can be pursued as well as a prediction of bivalve growth rate as 392 a function of culture biomass in each location. (2) The results can be mapped, an obviousadvantage for representing trends and gradients in marine systems. Spatial resolution can also 394 affect the results of the model, especially when processes are dependent on concentration 395 (Fennel and Neumann, 2004) . 396 397
In conclusion, we have focused on Simile, which incorporates a graphical user interface, is an 398 object-oriented software, and offers the capability of topology recognition using matrices, an 399 ideal modelling platform from which to pursue physical-biogeochemical simulation. The 400 coupling scheme has satisfied tests of internal and external consistency and conservative 401 behavior, and shown results compatible with previous field and modelling studies of the test 402 location. The Simile coupling scheme has the following positive characteristics: (1) the 403 biogeochemical model can be modified by way of a user-friendly graphical interface; (2) 404 knowledge of programming language is minimized; (3) results can be exported to GIS, and 405 (4) an optimization tool (PEST) is integrated. Therefore, the proposed core developed in 406
Simile is a generic and flexible tool for modelling long-term processes in coastal waters, 407 which is able to assimilate a choice of hydrodynamic models, constituting a novel approach 408 for generating fully-spatial models using visual modelling environments. In order to compute which of the vectors is directed into the element, the (nx, ny) vector must 473 be compared with the direction of the vector (px, py), whose origin is the middle of the link 474 and terminus is the opposite node (Figure B.1b) . If the quantity nx.px+ny.py is positive, (nx, 475 ny) and (px, py) follow the same direction into the element, and vice versa for negative 476
values. 477 478
AquaDyn provides a time series for water velocity and depth at each node, and the protocol 479 Files available on request) . 503
The use of "Condition" requires variables to identify multiple instances saved in arrays inside 504
Simile or in external CSV files. These index variables, Entry-Box and Exit-Box, are used to 505 identify associations between elements in the grid and the calculated water volumetric 506 exchange rates, Exchange-Entry and Exchange-Exit, to incorporate the hydrodynamics. 507
508
The following example, considering the dynamics of total suspended particulate matter 509 (TPM, turbidity) in a bay ( Figure C .1) provides a template that can be used as a core to 510 develop any application of the coupling scheme in Simile. The "number of instances" (an 511 innate property of all submodels in Simile) of the Bay submodel was modified to create n 512 copies that represent the n elements of the spatial grid. Two submodels were created to 513 manage the Inflow and Outflow of TPM and another one, Connections, that allows loading of 514 external data from CSV files by using "Fixed Parameter" variables. The Connections 515 submodel has a "number of instances" equal to the number of connections between elements, 516
i.e. the number of rows of the external CSV file. Inflow and Outflow submodels were related 517 with "Exclusive Role" to the Connections submodel and "Normal Role" to the Bay submodel. 518
The Inflow and Outflow submodels establish if there is a connection between any two 519 elements by means of the "Condition" functions (Cond1 and Cond2 in Figure C .1). For 520 example, the Inflow submodel checks if the Box_Number variable from the Bay submodel 521 matches the Entry-Box variable value (which depends on the rows of the external CSV file). 522
If there is a match, the corresponding Exit-Box (the same row as the Entry-Box value) is 523 matched with the appropriate Box_Number in the Bay submodel. Given these prescribed 524 connections, the flow exchange is taken from the same row of the CSV file as the data input 525 (Exchange-Entry and Exchange-Exit). Once these exchanges are established, the physicalmaterial coupling is completed. Therefore if an element exports TPM, the appropriate mass 527 flux of TPM (concentration * exchange) will be removed from the TPM compartment and the 528 same amount of TPM will be added to the element that receives the TPM. All the rows of the 529 CSV file, exchange between elements, are processed by Simile at the same time, therefore the 530 hydrodynamic of the whole bay is coupled simultaneously, preserving continuity in the 531 system. 532
533
Although hydrodynamics are coupled with the biogeochemical model as described above, a 534 fully-spatial model requires that individual variables also be initialized in space, e.g. the 535
initial concentration of TPM in each element. Figure C. 2 shows the same model with the 536 addition of two new submodels to introduce the initial TPM value in each element. This is 537 accomplished using an external CSV file which contains two columns, the element index 538 variable and the initial TPM value in that element (Box and Initial TPM Value, respectively). 539
The submodel called Initial TPM reads these variables from an external CSV file using 540 Mussel mortality by harvesting Table 2 
